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1. INTRODUCTION

In recent years the use of InP in microwave and optoelec-—
tronic applications has produced an interest in the properties of
metal-InP conctacts, For rectifying Schottky diodes, it is
believed that the Schottky barrier energy ¢p is lower on n-type
InP than on p-type InP (i.e., ¢py < $Bp) although no definitive
measurements have appeared in the literature. With regard to
ohmic contacts on InP, the development of low-resistance alloyed
or sintered contacts is still in its early stages of development
with initial results indicating that it is more difficult to form
ohmic contacts to p-type than to n-type material.

It was the purpose of this research program to examine in
detail the electrical and metallurgical propertics of metal con-
tacts to InP. We report here the separate measurement of both
¢Bp and ¢pp for carefully prepared Al/InP diodes. Since ¢pg is
often found to depend on the particular sucface preparation tech-
nique employed, we have also fabricated, using similar processing
steps, control samples of Al Schottky diodes on p- and n-type
GaAs and Si.

We also report here the results of a study of the electrical
and metallurgical properties of several multilayered metal films
used as alloyed ohmic contacts on InP. In particular, a film of

Au and Be was used to form an ohmic contact to p-type InP.
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2. SCHOT'TKY DIODES ON InP

2.1, Curcent Status of Metal-InP Contacts

The literature scarch (sece Report RADC~TR-80-108) that was
conducted in 1978 in an attempt to screen the literature for all
available information on metal contacts to InP, was extended to
cover more recent publications. A bibliograprhy of metal contact
studies on InP, containing 56 papers, was prepared and is given
in Section 5. The sudden increase in the rescarch activity ipr
metal InP contacts during the last three years, appears to be a
result of the availability of good quality single-crystal
material, tﬁe motivation stemning from the potential device
applications of InP, and the need to understand the mechanisms of
Schottky-barcier and ohmic contact formation on this material.
The reader is referred to the papers listed in Section 5 for the
details of these studkes. Only some of the models proposed focr
the formation of Schottky barriers will be summarized here
briefly, in order to provide background for our cesearch.

W. E. Spicer and his co-workers3l’32’44'45

have studied the
formation of Schottky barriers on covalent III-V compounds using

a number of elaborate experimental techniques. Based on their

" results, they propose that Fermi-level pinning at the metal-

semiconductor interface is produced by defect states in the
semiconductor .which are generated by the heat of condensation of
the metal atom celeased as the atom condenses on the crystal
surface. They found that the Fermi~level pinning and hence the

Schottky-barciec encrgy was produced with less than one monolayer

3
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of metal coverage. The position of Fermi level at the surface
was almost independent of the metal and crystal orientation and
was very close to that produced by oxygen. The Fermi level was

"un-pinned" (no states in the band gap) on good quality surfaces

cleaved in ultra-high vacuum prior to metal deposition. Theccfore,

the Schottky bacrcier was produced as direct result of the inter-
action between the metal and the semiconductor, rather than the
semiconductor surface acting alone; hence they rejected the
Bardeen model on the basis of their experimental results.

According to Spicer model, the metal atom goes into a lower
energy state as it condenses on the semiconductor surface
releasing a large amount of energy which breaks some III-V bonds
on the surface and thecrefore, releases III-V components, pro-
ducing defects at the semiconductor surface. These defects pro-
duce energy levels in the band gap and cause Fermi-level pinning.
They indeed found III-V components in theic metal films in sup-
port of their model. Therefore, the usual assumption of a sharp
metal-semiconductor interface appears to be highly unrealistic
for the covalient III-V compound semiconductors.

This "defect" model also appears to be consistent with the
"anion rule" discussed in a paper by McCaldin et alsz. The anion
rule states that the Schottky-barricr energy for holes on cova-
lent III-V and II-VI compound semiconductors is essentially
determined by‘the anion of the compound. McCaldin et al show
that on semiconductors containing the same anion, the Schottky-
bacrcier enecgy for holes is about the same whereas the hagrier
energy for electrons follows the variation in the band-gap energy.

6




Tt is also shown in their work that the Schottky barrier for
holes varies approximately lYincarly with the anion electronegati-

vity. Spicer et al3l'32

acgue that the "anion rule" is consistent
with their "defect" medel since "a surface donocr (needed to pin a
p-type sample) is produced by removing a cation and/or placing an
anion on a cation site thus forming a center only containing
anions. Thus, the (Fermi-level) pinning will be expected to be
determined by the anion", This might beva simplified descrip-
tion of the actual process. Spicer and his co-workers indicate
that the "detailed natvcre of these defects" they propose in their
model might be quite complex and requires a considerable amount
of future research. Their studies were performed on samples
cleaved in-situ in ultca-high vacuum and with very thin metal !
films. The formation of real Schottky bacrriers on chemically
etched InP surfaces is probably more complex. The reason for the
deviation of InP Schottky barriers from the "two~thirds" cule is
not yet well understood. Good Schottky contacts on InP surfaces
often yield ¢pp > ¢p, = 1/3 E_. ‘
Williams et a130"33 observed that metals produce good :
Schottky barriers on chemically etched surfaces of n-InP but
yield ohmic contacts on surfaces that have been cleaved in vacuum {
and then cxposed to high dosages of oxygen, chlorine or air.
Williams et al explain thesce results in terms of a "defecct" model

|
31'32. Williams

very similar to the one proposed by Spicer et al
and his co-workers also observed that the noble metals Cu, Ag,
and Au form good Schottky barriers while the reactive metals Al,

Fe, and Ni yield ohumic contacts on in-situ cleaved sucfaces of

7




n-1nP. They did not observe any simple lincar relationship bet-
ween the metal work functions and the Schottky barcicre enecgies

they measured,

Following a theory for Schottky barrier formation proposed by
Andrews and Phillip553 and Brillson54'55, Williams plotted the
Schottky-barrier encrgy as a function of the heat of reaction per
formula unit for the most stable metal-phosphorous compound
formed between the contact metal and the InP. Thi; resulted in a
very simple plot with a rather sharp tcansition for the barrier
energy centered at the point where the heat of reaction was zeco.
This plot suggests that the metals which form compounds with
phosphorous-that are significantly more stable than InP (i.e.,
negative heat of reaction) yield ohmic contacts, whecreas the con-~
tact metals whose vhosphides are less stable than InP (i.e.,
positive heat of reaction) form Schottky diodes. This concept
appears to hold for gquite a large cange of semiconductors, as
discussed by Brillson54 who gives similar plots for ZnO, ZIns,
Cds, and GaP. Therefore, there are strong indications that the
chemical reactivity of the metal might play a crucial role in the
formation of ohmic and rectifying contacts. .

The Schottky-bacrier data measured on solvent-cleaned and
wet-etched sucfaces of InP appears to be strongly affected by the
particular surface preparation procedure employed. A brief
review of the publications listed in Section 5 will confirm this
observation. It will also reveal that interfaces prepared in
this manner are probably the least well understood interfaces,

despite the fact that the treatment of InP surface with wet
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chemicals is the usual method of surface preparation prior to
metal deposition. More research will be necessacy before high
guality metal contacts can be formed in a controllable and repco-
ducible fashion on InP surfaces treated with wet chemicals.

It seems appropriate to conclude this section with a quota-
tion from Williams, et a133: "Further careful studies of a range
of metal-semiconductor contacts under accurately controlled‘con—
ditions are essential, and calculations of the influence of
various forms of defects near the interface cn the contact behav-
ior are urgently requried in order to give an adequate basis to
our understanding of the electronic nature of metal-semiconductor
contacts."

2.2. Al Schottky Contacts

Aluminum Schottky contacts on both p- and n-type InP, GaAs,
and Si wafers have been fabricated and the electrical and
metallurgical characterization of the contact structures have
been completed. These devices were prepared in order to compare
the properties of Al/InP contacts to the P3/InP contacts
described in earlier reports.

The test devices which consisted of an Al film.of 90 + 10 A
thickness on the semiconductors and a 3000 A-thick Al film for
the bonding pads, were fabricated and tested on materials with
the same specifications and following essentially the same proce-
dures used in-the fabrication of Pd contacts on InP, GaAs and Si
which were included in the Report RADC-TR-79-113.

All Al/semiconductor contacts were found to be cectifying &and

the Schottky-barcier encrgies (¢p) were measured by current-voltage

9
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(I-V), capacitance-voltage (C-V) and photoclectric~response (I-E)
techniques. The results are summarized in Tables 2.1 and 2.2.
The values of ¢3{I-V) and the diode ideality factor n for the Al
contacts, on InP and Si were not as reproducible as those for the
Pd contacts. ¢p (I-V) and n were found to be very reproducible
for both Al/GaAs and Pd/GaAs diodes. ¢p (I-V) and ¢ (I-E)
measured for the same metal contact agreed reasonably well for
Al/p-InP, Pd/p-1InP and Pd/n-GaAs contacts but ¢p(I-E) was
slightly greater than ¢g(I-V) for the Al/n-GaAs diodes. As
obsecrved previously, ¢ (C-V) values were always higher than
either ¢pg(1-V) or ¢p (I-E). This latter result has been observed
in our laboratory for many types of Schottky diodes and by others
as well56 and it is not well understood at present.

The sum of the independently measured values of ¢Bno(I-V) and
¢Bpo(I—V) agreed within experimental ercor with the accepted
values of the band-gap energy Eg for InP (1.34 + 0.01 eV), GahAs
(1.42 + 0.01 eV)'gnd Si (1.11 + 0.01 eV). A heat treatment cycle
of 5 minutes at 500°C was necessary to stabilize the Al/Si contacts.
All measurements were performed at room temperature. It was
again found that, as in the case of Pd contacts, $Bp (I-V) was
greatec than ¢pp(I-V) for the Ai/InP contacts while the opposite
was found for the Al/GaAs and Al/Si diodes. It was also observed
that ¢pp (I-V) on InP was larger for Al as compared to that for
Pd while ¢gy (I-V) on InP was smaller for Al than for Pd contacts.
Since Al is more reactive than Pd, this trend is in the same

dicection as those observed by Williams et a16’7

under different
experimental conditions as discussed in the preceding section.
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The AES depth-composition profiles of the as-fabricated
Al/semiconductor contacts are presented in Figures 2.1 - 2.3.
As expected on the basis ¢ electrical measurements, all contact
strcuctures were found to contain oxygen at the interface and
throughout the A) film. Carbon was also present at the intecface
for most contacts. It coul® not be determined which processing
step(s), if any, were responsible for the presence of carbon and
oxygen in the Al film. This contamination problem is believed to
be a result of the high chemical reactivity of Al. It should be
mentioned that at this point that no contaminants were detected
in the Pd/semiconductor structures beyond the free surface of the
Pd film of 90 + 10 A thickness. The components of the III-V
compounds appear to be present throughout the Al film as seen in
Figures 2.1 - 2.3, Similar observations were also made on the
AES depth-composition profiles of Pd/semiconductor contacts.
However, the actual extent of this apparent intermixing of metal
and semiconductor components is very difficult to determine since
non-uniform sputtering effects also contribute to the width of the
observed transition region between the metal and the semiconductor.
In any case, the general trend of the intermixing that occurs
during processing can be determined on a relative basis.
.' 2.3 Conclusions

Al and Pd Schottky contacts were fabricated and tested on all
three semiconductors of both types of conductivity under essen-
tially the same experimental conditions. ¢BP(I—V) > ¢pn (I-V)
was found for both metals on InP while the opposite was true on
GaAs and Si. ¢épn (I-V) measured on n-InP and n-GaAs wecre smaller

11




for Al than for Pd diodes. The Pd contacts wece slightly more
reproducible than the Al contaéts. The AES depth-composition
profiles of the Al and Pd contacts were similar except that oxy-
gen and carbon were present throughout the Al film whereas no

contaminants were detccted in the Pd/semiconductor structures.
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Table 2.2. Schottky diodes of Al
C-v
¢Bp ©OC ¢Bn | Np - Na | | No. of
Diode (meV) (cm—3) Devices
p-InP | 1118 * 68 | 2.0 x 1017 5
n-GalAs 832 38 4,9 x 1016 6
14
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3. Au/Be CONTACTS TO P-TYPH IaP

3.1. Introduction
A series of alloyed, multi-layered metal films have been exa-
mined to determine their suitability for low resistance ohmic
contacts to both n-type and p-type InP. Our results are sum-~
marized in Table 3.1 where the lowest value obtained for the sve-
cific contact resistance ro is given along with the value of net
doping | Np-Na | for the InP. As indicated in Table 3.1, it was

4 a-cm2) to

found that low resistance contacts (i.e., re < 10~
n-type InP could be formed readily; however, it was difficult toc
achieve low resistance alloy contacts to p-type InP. This is
because ¢pp > ¢pnr as discussed in Section 2.

The best results on p-type InP to date have been obtained
with alloyed films containing a mixture of Au and Be. Earliercr,
we attempted to use AQ/Mg contacts and obtained fairly low
resistance values, but the surface uniformity and ceproducibility
was poor. Pd was used in place of the Au, but the contact
resistance was too high. 1In both of these contact structures, Mg
was found to oxidize readily during contact fabricétion and
resulted in the poor reproducibility. More recently we have exa-
mined usec of Be in place of the Mg and the details of the
research on Au/Be contacts is discussed in this section. Air
Focce reports RADC~TR-79-113 and RADC-TR-80-108 describe the
Au/Mg and Pd/Mg contacts.

In the Au/Be system, Be is chosen as the p-type dopant in

order to produce a pt region in the InP directly under the metal
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(i.e. Au) layer after alloying. Be is easy to vacuum deposit but
is highly toxic., Thus the Be source material must be handled
carefuly and the vacuum system throughly cleaned after use.
Otherwise the Au/Be contact is as easy to apply to the p-type InP
as a Au/Ge contact to n-type InP.

3.2. Experimental Procedure

The first set of Au/Be/pInP contacts were formed by vacuum
deposition through a shadow mask onto a cleaned and etched InP
surface, After heat treatment these contacts became ohmic.
Surface adhesion was much bettecr than fér Au/Mqg.

With these encouraging initial results a second set of con-
tacts employing both f:ront contacts of varying areas and a back
contact were fabricated by the method previously described.
Briefly, this consisted of forming a back ohmic contact, deposit-
ing a layer of CVD SiOj, etching well defined contact windows in
the oxide, and using a liftoff procedure to define the Au/Be pat-

s

Eively

heated sources was used to deposit the Au and Be. A predeter-

tern, A diffusion-pumped vacuum system with separate resi

mined thickness of Be was deposited, immediately followed by a
layer of Au without breaking the vacuum. The wafer surface was
prepared for metalization by etéhin957 with 45% wt. KOH and 10%
wt. HIO3. After metalization the wafers were sccribed into indi-
vidual chips in preparation foc separate heat treatments. The
heat treatments were carried out in an open tube furnace with a
nitrogen atmosphere. The contacts were again examined and the
resistance at 10 mV was carcfully mcasured. This cesistance data
58

was used to determine cc after the method of Cox and Strack.
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Two of the bulk p-type InpD wafers were provided by the con-
tract monitor and another was purchased frcom Metal Specialties,
Inc. A description of the wafers used is given in “Table 3.2.
Wafers MB 1-3 and AB 10 were fabricated simultaneously.

It should be mentioned that becyllium in any form is extre-

mely toxic59

and must be handled with great care. The material
should not come in contact with the skin and special care taken
to avoid breathing the dust. No one should attempt to use Be
without first becoming familiar with its toxiology and federal
regulations governing its use.

3.3. Results

In the as-deposited condition all contacts were smooth and
gold coloced. The adherance of the metal films was good.
Electcical chacractecization of the as-deposited contacts included
both I-V and C-V measucrements. The results are summarized in
Table 3.3.

The result of heat treatment on the specific resistance of
the contacts for wafer AB 14 is presented in Fig. 3.1. This wafer
had as a minimum value c¢ -~ 1 x 10-3 g@-cm? for a heat treatment
of 3 minutes at 300°C. Ohmic behavior can be seen at tempera-
tures as low as 200°C if the time of this heat treatment is
made long enough.

The appearance of the contacts on wafer AB 14 did not change
for heat treatment up to about 10 min at 400°C. Longer heat
treatments at 400°C results in increasing roughness of the con-
tact surface and a color change from gold to pink. This color
change usually coincided with an increase in resistance. It was
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found that samples whose specific contact resistance was above
)

10-2 g-cm” no longer had linear I-V characteristics.

Wafers AB 10 and MB 1-3 were simi.ltaneously heat treated and
examined. Fiqures 3.2 and 3.3 show £ for heat treatments at
300°C, 400°C, and 450°C. On wafer AB 10 the contacts remained

l\.kv /~tl),

rectifying until after heat-treatment at a temperature cof L(0OC for a
minimum time of 10 minutes. The minimum resistance measured was

fc = 1.0 x 1073

q-cm?2 for a heat treatment of 450°C for 3 minutes.
A heat treatment of 10 minutes at 450°C resutled in excessive
melting of the metal film on the oxide surrounding the contact
areas. The scattecr in the data for this case was large. Similar

results were obtained for sample MB 1-3., As expected however,

this sample had lower contact resistance due to its higher
2

doping. The lowest value of r, measured was 2 x 1074 g-cm
The sucface morphology of wafers ABl0 and MB1-3 was quite
complex. The 300°C heat treatments did not significantly change
the surface texture or color. However, heat treatments at or
above 400°C for 10 minutes or longer, resulted in changes which
were observable with an optical microscope. The contact surfaces
became crougher and this area of roughness often included the
metal film on the oxide in the vicinity of the contacts. when
this happened it was apparent that the reactions in the contact
areas were spreading to the bonding pads. In addition to texture
changes there were color changes associated with thesc disturbed
regions. At 400°C for 10 minutes the color of the contact arcas
become predominantly white while the bonding pads cemaine? predo-
minantly gold. The region bectween the bonding pad and the center
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of the contact, defined by the periphery of the contact where it
mects the oxide, had a pink color. This is the same color seen
over the entire contact area of samples from wafer AB 14 when
similarily heat treated.

This periphery region of the contact also appeared to differ
electrically from the central region. For example, Figurc 3.4
shows a typical plot of contact resistance versus the reciprocal
of the contact area for a sample from wafer AR 14. The slope of
the line is c.- Figure 3.5 shows a typical plot for a contact
with the surface morphology just described. This curved line can
be explained if the pink region and the white region of the con-
tact have different values of Lot Preliminary calculations indi-
cate that the pink areas have a value of £, as much as an order
of magnitude larger than the white areas, whece L is lowest.

The curves presented in Figures 3.2 and 3.3 are determined from

5

the larger contacts (i.e. > 10~ sz) where this pink region at

the contact periphery is a small portion of the total contact
area.

Preliminary depth-composition profiles of devices from wafer
AB 14 were detcermined employing Auger electron spectroscopy with

ion sputtering. There exists an enecrqgy shift in the Auger signal

between beryvllium when in the metallic form and in the oxide

form. To take advantage of this fact the Be Auger peak at 104 eV
and the BeO peak at 95 eV were both recorded. However, the
encrgy shift is small enough that there is substantial intecr-
ference between these two signals. In addition, there is also
interference from the P and Au signals. For this reason the
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accuracy of the atomic percent calculations for BRe and BeO are
subject to question.

Figure 3.6 shows the Auger depth profile of a sample heat
treated at 300°C for 3 minutes, To aid clarity, the curves for
Be and BeO are shown separately in Figure 3,6b. Despite the large
amount of oxygen found at the interface, this contact did yield a
very linear I-V characteristic with ro =1 x 1073 a-cm~2.  This
amount of oxygen was typical of that found in the as-deposited
contacts.

Shown in Figure 3.7 is the Auger depth profile of a sample
heat treated at 400°C for 1000 minutes. There was no observable
signal for metallic Be, although a weak signal could not have
been detected because of peak intecference. The surface of this
contact was not =zmooth but rather had randomly scatteced, small
hillocks. After the sample was sputtered in the Auger instru-
ment, these hillocks cremained visible as small patches of gold
color. This would indicate a smearing-out of the Auger profiles,
and that some gold may be left on the surface after sputtering.

3.4. Conclusions

The Au/Be ohmic contact appears to be superior to Au/Mg con-
tact in several respects. A reproducable, moderately resistive
ohmic behavior is achievable at temperatures below 300°C,

Sucrface adhesion is much better, which may be the reason for the
better reproducibility. However, this contact may not be

suitable for applications demanding high operating temperatures
since additional heating seems to degcade the contact on a liqghtly
doped wafer. The role of each element has not yet been completely
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determined. More Auger data is needed. The great difference in
heat-treatment response between wafers AB 10 and AB 14 indicates
that the proportions of metals needed to optimize this contact

are critical. Finally the use of Au again limits the upper tem-

peratures the contact can be heat-treated at if complete melting

of the contact is to be avoided.
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' Table 3.1. Summary of Ohmic Contacts to InP
Metal Film | Doping | Na-Np | e Surface
(em=3) ‘ (9-cm?2) Uniformity
n-type:
) Ni 3 x 10% 1 x 1074 Fair
. 16 -5 .
Ni/Au/Ge 3 x 10 3 x 10 Fair
p-type:
Au/Mg 6 x 107 ~1 x 1074 Poor
‘ Pd/Mg 2 x 1017 > 10-2 Poor
1.7 x 10%7 1 x 1073 Good
Au/Be -
j 1.4 x 108 2 x 107° Good
l
?
]
|
i
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Table 3.2. Wafer Specifications
wafer Supplier Dopant Doping Doping Orienta- Au/Be filn
(p type) given measuced tion thickness
| {CV) (A)
MB 1-3 | Metal n 6 x 1017 [1.3 x 1008 | <111> 800/200
Specialties
AB 10 17 <100> 800/200
Air Zn 1 x 10 1.5 x 1017 | 3% off to
Force <lil> T
AB 14 900/1060
26




Table 3.3. Results

for As-Deposited Au/Bc on p-InP.

I-V C-V
Wafer
¢pleV) n ¢p (eV) Na-Np (cm=-3)
18
MB 1-3 | .78 ¢+ .03 |1.3 |1.03+ .03 1.4 x 10
AB 10 | .75 ¢ .015[1.15| .87+ .02 |1.4 x 10%’
AB 14 [ .81 ¢ .01 |1.1 .81 ¢+ .01 1.7 x 107

27




T T T TN o — R200°C
A — 3o0o°C
Tl o - Y4oo°c
. I Au/Be/ - TnP
. h907cn{3
- » NA—ND= . SX
- ) ' nu/Be= At
5 rc‘ .

10° =

1000
) 1o oo

Time (m\huiu}

Fig. 3.1. Specific contact resistance c. as a function of heat-
treatment time for wafer AB 14.
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